All characterized alphaherpesviruses encode a protein whose N-terminal region contains a novel zinc-binding motif, the CaHC 4 domain. Homology between the different proteins is in general limited to key residues in this domain. In order to identify a separate landmark site in the C3HC 4 protein encoded by varicella-zoster virus gene 61, namely the region required for nuclear localization, we have analysed a range of mutants in transient expression and immunofluorescence experiments. A basic region (RGAKRR) at residues 387 to 392 was found to be required for nuclear localization, and residues 390 and 391 were critical.
Delineation of a sequence required for nuclear localization of the protein encoded by varicella-zoster virus gene 61
All characterized alphaherpesviruses encode a protein whose N-terminal region contains a novel zinc-binding motif, the CaHC 4 domain. Homology between the different proteins is in general limited to key residues in this domain. In order to identify a separate landmark site in the C3HC 4 protein encoded by varicella-zoster virus gene 61, namely the region required for nuclear localization, we have analysed a range of mutants in transient expression and immunofluorescence experiments. A basic region (RGAKRR) at residues 387 to 392 was found to be required for nuclear localization, and residues 390 and 391 were critical.
All alphaherpesviruses for which sequence data are available encode a protein containing an N-terminal CaHC~ zinc-binding domain. These proteins include herpes simplex virus type 1 (HSV-1) Vmwll0, HSV-2 Vmwll8, the varicella-zoster (VZV) 61 protein, the equine herpesvirus 1 (EHV-1) 63 protein, pseudorabies virus (PRV) ICP0 and bovine herpesvirus 1 (BHV-1) p135 (Perry et al., 1986; McGeoch et al., 1991 ; Davison & Scott, 1986; Telford et al., 1992; Cheung, 1991 ; Wirth et al., 1992) . Convincing amino acid homology between these proteins is in general limited to this domain. The CaHC 4 motif has also been identified in several proteins with diverse functions encoded by eukaryotes and eukaryotic viruses (for examples see: Freemont et al., 1991; Everett et al., 1993) . Everett et al. (1993) showed that the C3HC ~ domains of the HSV-1 Vmw110, VZV 61 and EHV-1 63 proteins can bind zinc ions stably, and determined the secondary structure of the isolated EHV-1 domain by proton nuclear magnetic resonance studies. Fundamental structural differences are apparent between this domain and other zinc-binding motifs, suggesting that the C3HC 4 domain may have a novel function.
Of the alphaherpesvirus CaHC a proteins, Vmw 110 has been studied in greatest detail. It is an efficient transactivator of HSV-1 and heterologous promoters in transient expression assays, and acts synergistically with Vmw175, another HSV-1 immediate-early trans-activator protein (reviewed by Everett et al., 1991) . The CaHC 4 proteins encoded by BHV-1 and VZV have also been characterized. The former trans-activates expression from various BHV-1 and heterologous promoters but also repress expression from a BHV-1 immediate-early promoter (Wirth et al., 1992) . Initial reports indicated that the VZV 61 protein is incapable of trans-activation and inhibits trans-activation mediated by the VZV 4 and 62 proteins, the counterpart of HSV-1 trans-activating proteins Vmw63 and Vmw175 (Cabirac et al., 1990; Nagpal & Ostrove, 1991) . However, the 61 protein has 0001-2697 © 1994 SGM recently been reported to trans-activate VZV and heterologous promoters when expressed in isolation under the control of the human cytomegalovirus immediate-early promoter (Moriuchi et al., 1993) and to synergize the activation of putative immediate-early and early promoters of VZV mediated by the VZV 4 and 62 proteins (Perera et al., 1992) . In addition, a degree of functional homology between the 61 protein and Vmw 110 is suggested by the observation that cell lines expressing the 61 protein are able to complement a Vmwll0 deletion mutant of HSV-1 (Moriuchi et al., 1992) .
In addition to the C3HC 4 domain, nuclear localization sequences (NLSs) form a second functionally conserved element in these alphaherpesvirus proteins. We previously characterized the 61 protein immunologically, and located the NLS within the C-terminal region at residues 230 to 467 (Stevenson et al., 1992) . Here, we delineate this sequence more precisely.
Truncated forms of gene 61 were produced by digesting pMJ520, which contains the coding region from gene 61 (Stevenson et al., 1992) , with HindIII to yield a linear DNA molecule in which the 3' end of gene 61 was about 1000 bp from one end. The DNA was then digested with Bal 31 exonuclease for periods of up to 30 rain and digested with SalI to release 3' truncated forms of the gene 61 coding sequence. Fragments up to 1400 bp in size were recovered by agarose get electrophoresis from digests of differing duration, pooled and inserted into the vaccinia virus transfer vector pMJ601 (Davison & Moss, 1990) , which had been digested with SalI and SmaI. Plasmids containing truncated copies of gene 61 were identified by digestion with SalI and HindIII, and the extent of each deletion was determined by DNA sequencing. Five plasmids suitable for further study were identified (pMJ711, 712, 713, 714 and 715). These potentially encode truncated forms of the 61 protein lacking 13, 36, 75, 94 and 109 amino acid residues, respectively, at the C terminus (Fig. 1) . With the exception of the plasmid specifying the 75 residue deletion, all sequences were a continuum from the gene 61 sequence into pMJ601. The exception had a short sequence of unknown origin at the 3' end of the gene 61 sequence.
Plasmids suitable for transient expression were constructed by excising gene 61 sequences from pMJ711, 712, 713, 714, 715 and 520 using SalI and HindIII and inserting them into pCMV10 (Stow et al., 1993) . pCMV10 contains the pUC18 multiple cloning site sandwiched between the major immediate-early promoter of human cytomegalovirus and RNA processing signals from simian virus 40. Plasmids encoding truncated forms of the 61 protein were designated pCMV61CA13, 36, 75, 94 and 109, respectively, and the plasmid that encoded the intact protein was designated pCMV61. The natural stop codon of gene 61 was deleted in the truncations and all proteins derived therefrom are predicted to contain additional C-terminal amino acid sequences, as indicated in Fig. 1 .
Plasmids derived from pCMV10 were transfected into Vero cells grown on glass slides using a liposomemediated transfection procedure (Elroy-Stein & Moss, 1992) . After incubating at 37 °C for 48 h, the cells were fixed, permeabilized and probed with a polyclonal rabbit antiserum directed against residues 105 to 467 of the 61 protein and anti-rabbit-fluorescein isothiocyanate conjugate (Sigma) as described by Stevenson et al. (1992) . The entire 61 protein and truncated forms lacking up to 75 residues localized within the nuclei of transfected cells (Fig. 2 a to d) , but deletion of additional residues resulted in a pattern of cytoplasmic fluorescence (Fig. 2e, f) . Thus, sequences between residues 374 and 392 are required for nuclear localization.
Since NLSs characteristically include a positively charged region (reviewed by Dingwall & Laskey, 1991) , the importance of the RGAKRR element located at residues 387 to 392 was investigated by testing additional deletion mutants with endpoints near this region. Mutants were generated by PCR methods (Innis & Gelfand, 1990) , using oligonucleotide primers comprising the 5' sequence of gene 61 and appropriate internal sequences (Fig. 3) . PCR products were digested with SalI and HindIII, isolated by agarose gel electrophoresis, purified using a Sephaglass kit (Pharmacia) and ligated into pCMV10. The sequence integrity of the gene 61 portion of the plasmids and the nature of the introduced mutations were confirmed by restriction endonuclease digestion and DNA sequencing. Modifications included removal of residue 387 onwards (pCMV61ANLS2), removal of residues 394 onwards (ANLS1), substitution of the K at 390 by E (ANLS1K/E), the R at 391 by L (ANLS 1 R/L) or both substitutions (ANLS 1K/E: 1 R/L). In the results shown in Fig. 4 , only pCMV61ANLS1 exhibited nuclear fluorescence, confirming the importance of residues in the RGAKRR element in locating the 61 protein to nuclei. Specifically, the basic residues at 390 and 391 are of crucial importance, since substitution at these positions resulted in a cytoplasmic location.
We conclude that these residues form part of the NLS for the 61 protein. We have not excluded the possibility that sequences upstream from RGAKRR may also be involved in nuclear localization or that additional sequences may subtly affect the precise pattern of fluorescence. Indeed, Dingwall & Laskey (1991) concluded that some NLSs are bipartite, comprising a basic sequence separated by a spacer of about ten residues from a pair of N-terminal basic residues. From sequence considerations, however, the VZV NLS does not appear to take this form, since the requisite pair of basic residues is absent. In this context, we note that the NLS of HSV-1 Vmw110 has recently been shown to consist of a single short basic motif, VRPRKRR (Mullen et al., 1994) . The high degree of divergence between the C-terminal regions of alphaherpesvirus C3HC~ proteins in general precludes identification of NLSs by sequence alignments, for example between the 61 protein and Vmwll0, and independent experimental determinations are necessary. Thus, we cannot make confident predictions about the PRV ICP0 and BHV-1 p135 NLSs. From limited local similarities in adjacent regions of the 61 protein, however, the sequence RLRRR at residues 289 to 293 is a favourable candidate for the NLS in the EHV-1 63 protein.
